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To gain more information on the mechanisms of
the filtration process, earlier investigators studied,
by using conventional protein clearances, the ex-
cretion of serum proteins into final urine in patients
with increased glomerular proteinuria [1]. These
studies were difficult to interpret because the influ-
ence of the renal tubular uptake process on the fil-
tered protein could not be taken into account. Only
by directly determining serum proteins as albumin
and globulins in the glomerular filtrate via micro-
puncture techniques and discontinuous gel elec-
trophoresis [2, 3, 20]can we calculate the true siev-
ing coefficient in contrast to the overall clearance
ratios.
To study the role of a functional barrier as a de-
terminant of glomerular leakage of serum proteins
into the urinary space, as has been previously sug-
gested [4, 5], we investigated albumin filtration in
cortical nephrons in the isolated perfused rat kid-
ney. With the isolated perfused rat kidney, we
could examine renal handling of a single serum pro-
tein such as albumin at (a) different preglomerular
concentrations and (b) with postglomerular in-
creased pressure at the renal veins. We have com-
pared these data with those obtained under in vivo
conditions in experimental models with more intrin-
sic permeability changes at the glomerulus but with-
out major morphologic changes.
Methods
Animal experiments. Experiments were per-
formed with an inbred strain of male Wistar rats
having glomeruli at the kidney surface (Ivanovas
Kissleg) and with Wistar Ztm. rats (kryptorchic).
All rats weighed between 160 and 270 g. The rats
were kept on standard chow (Altromin®) and had
free access to water prior to the experiments. The
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animals were anesthesized with mactin® (80 to 100
mg/kg body wt, i.p.). At the beginning of surgery
0.5 mlIlOO g body wt Ringer's solution was adminis-
tered, followed by an infusion at a rate of 0.5 ml/hr
x 100 g body wt. In clearance experiments, this so-
lution contained 10 g/l00 ml of polyfructosan (In-
utest®) to measure the GFR and tubular fluid reab-
sorption. A priming dose of 20 mg of polyfructosan
per 100 g body wt was given. The arterial blood
pressure in the carotid artery was transmitted by a
Statham strain gauge and recorded on a Schwartzer
Physioscript PEE.
The preparation of the kidney, the method of mi-
cropuncture, and the localization of the puncture
site have been described previously [3, 8]. The cap-
sule of the kidney was not removed in either in vivo
or isolated kidney perfusion experiments. To avoid
contact with the glomerular tuft, we performed free-
flow micropuncture adjacent to Bowman's capsular
space at the early proximal tubule and up to 20%
proximal tubular length. Tubular fluid samples were
placed on a siliconized depression slide covered
with water-saturated mineral oil. Lissamine green
transit time [9] was measured by a single injection
of 0.05 milissamine green SF (10 g/100 ml; ph, 7.4,
isoosmotic) via vena jugularis in in vivo experi-
ments or directly into the arterial cannula of the iso-
lated kidney preparation.
Kidney perfusion technique. The kidney per-
fusion technique has been described in detail [10].
The surgical technique used was a modification of
the methods described by Weiss, Passow, and
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Rothstein [11] and Nishiitsutsuji-Uwo, Ross, and
Krebs [12]. The right kidney is isolated in situ and
embedded into a temperature-controlled copper
chamber on cotton wool. To simplify the surgical
procedure, we inserted a double-barrelled perfusion
cannula into the proximally clamped aorta. Per-
fusion is initiated by opening the clamp and tying an
aortic ligature proximal to the renal artery. The ef-
fective perfusion pressure is monitored through the
inner cannula and maintained at 100 mm Hg by a
servopump system [13]. Recirculation of the per-
fusate is performed via a conventional capifiary-plate
dialyzer (Travenol, Hoeltzenbein dialyzer, 0.92 m2
area), which also serves as an oxygenator by gas-
sing dialy sate with 95% oxygen and 5% carbon
dioxide. With this modification of methodology, the
glomerular filtration rate can be held in the normal
range (0.8 to 1.0 mug kidney x mm) as long as it is
necessary to perform micropuncture studies (up to
90 mm).
The perfusate consisted of a 2- to 8-g Cohn frac-
tion-V bovine albumin (Armour, Reheis Chemical
Company, USA) dissolved in a modified Krebs-
Henseleit-bicarbonate solution and dialyzed over-
night against the same buffer [14]. To the dialyzed
albumin stock solution, we added the organic com-
ponents to obtain a perfusate with the following
composition (mmoles/liter): sodium (140), potas-
sium (5), calcium (2.5), magnesium (1.2), chloride
(100), bicarbonate (25), divalent phosphate (0.72),
urea (6) and glucose (8). We used, as additional sub-
strates (mmoles/liter), oxaloacetate (1), pyruvate
(2), lactate (5), glutamate (5), and the following
amino acids (mmoles/liter): methionine (0.5), ala-
nine (2), serine (2), glycine (2), arginine (1), proline
(2), isoleucine (1), and aspartic acid (3). As an anti-
diuretic hormone, Pitressin® (Parke Davis), 10 mU!
liter, was added. For dialysis, the volume of dialy-
sate was tenfold greater than the perfusate volume
(200 ml). The dialysate composition was the same as
that of the perfusate without the addition of albu-
min.
Morphology (isolated kidney). Kidneys were per-
fused for 10 mm with 2% glutaraldehyde in phos-
phate buffer (pH, 7.2). Thin-section kidney speci-
mens were postfixed for 1 hour in 1% osmium oxide
dissolved in phosphate buffer (pH, 7.2 to 7.3) and
embedded in Epon®. They were examined in an
electron microscope (Siemens Elmiscop La). Scan-
ning electron microscope specimens were postfixed
in 1% osmium oxide-phosphate buffer solution, de-
hydrated in acetone, dried by using the critical point
method, and shadowed with gold before being ex-
amined in an electron microscope (Cambridge Ster-
oscan 6000). Ultrastructural observations did not
show any alterations of the glomerular capillary
wall (see Fig. 1) with perfusate albumin concentra-
tions of 60.0 g/liter.
AnaLytical methods. Chemical analysis of poly-
fructosan (mutest®) was performed by using the
hexokinase method [16]. Total protein concentra-
tion was determined by either the Lowry method
with the folin and ciocalteau phenol reagent [17] or
the Biuret method [18]. The Lowry method proved
to be the easiest way to handle small amounts of
protein, whereas in the isolated perfused kidney ex-
periments with higher urine albumin concentra-
tions, the Biuret method was used. Plasma poly-
fructosan concentrations were not corrected for
plasma water.
The protein concentration of tubular fluid was an-
alyzed by ultramicrodiscelectrophoresis [3, 8]. The
volume of the samples applied to the gel ranged
from 10 to 60 x 10 ml. The gels were stained with
Coomassie blue and scanned with a Joyce-Loebl
double-beam microdensitometer. The area of the
protein peaks was determined by planimetry and
compared to a standard of bovine serum albumin.
Quantities of about 5 x 10 g albumin could be
determined. The standard deviation of the method
was found to be 3 to 4% of the mean. After the mi-
cropuncture glass capillaries were cleaned with
fluoric acid, ethanol, and methanol, their surfaces
were treated with dichlorodimethylsilane. Protein
binding was found to be minimal, and average re-
covery of albumin was 91 5.0%, N = 8 (for 100 x
10-6 ml and 0.03 g!liter solution), which includes the
standard deviation of the microdiscelectrophoresis
method.
Values in tables and figures are given as the
means 5EM. error. Statistical significance was cal-
culated with Student's t test. Unless otherwise in-
dicated, N represents number of experiments.
Resuits
Basic experimental data. Table 1 shows GFR,
proximal passage time, and total protein or albumin
excretion in the isolated kidney preparation com-
pared with experimental models previously de-
scribed [6, 8] and the control in vivo situation. In
the isolated kidney, GFR, expressed in milliliters
per gram of kidney weight, was 0.74 to 0.99 mI/mm,
which is in good agreement with the values obtained
in the in vivo situation (0.98 mI/mm, expressed in
100 g body wt, which corresponds to 1 g kidney wt).
The experimental models of aminonucleoside (AN)
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Fig. 1. A Transmission electronmicrograph (thin section, x40,000) of a glomerular capillary wall. B Scanning electromicrograph of the
epit he/ia! foot processes in the isolated rat kidney following 2 hours perfusion with a solution containing 60 g/liter albumin. No altera-
tions in the ultrastructure are seen.
nephrosis and antiglomerular basement membrane
(anti-GBM) nephritis exhibited at the beginning or
in the early phase of the experimental diseases
GFR's of 0.93 or 1.13 mllmin per 100 g body wt,
which were also within the normal range [6, 8]. The
mean proximal passage times, which ranged from
8.6 to 11.9 sec (second column, Table 1) did not sig-
nificantly differ from the in vivo control condition of
8.3 sec.
There is, however, a marked difference in total
albumin or protein excretion (third column, Table
1). In the isolated perfused kidney, the rate of albu-
min excretion is approximately twenty times higher
(6.9 mg/hr/g kidney wt) even with the lower albumin
concentration in the perfusate (30.0 glliter) than the
total protein excretion of in vivo controls is (0.31
mg!hr/lOO g body wt). Also at the higher albumin
perfusate concentration of 50.0 g!liter, there is an
Table 1. Basic experimental data comparing albumin filtration in isolated kidney and in vivOa
GFR
ml/min/100 g body wt
or] g kidney wt
Proximal passage time
sec
Total protein excretion
mg/hr/animal
or I g kidney wt
Isolated kidney"
30g/liter 0.78 0.06(5) 10.3 0.8(15) 6.9 1.9(5)
30g/liter + VP 0.75 0.07(5) 11.9 0.9(13) 7.9 2.4(5)
50g/liter 0.99 0.08(6) 8.6 0.6(11) 21.5 9.3(6)
50g/liter + VP 0.74 0.13(6) 9.2 1.7(5) 52.6 15.2(6)
In vivo
Controls 0.98 0.06 (29) 8.3 0.3(11) 0.31 0.03(32)
AntiGBMnephritise 0.93 0.06 (24) 10.3 0.8(8) 4.81 0.73(36)
ANnephrosisc 1.13 0.09(5) 8.8 0.4(6) 1.43 0.28(12)
a Results are means 5EM. Parentheses contain number of experiments. One gram kidney weight corresponds to approximately 100 g
body wt.
b In the isolated kidney preparation, the protein excreted consists only of albumin. VP is increased venous pressure (20 cm H20).
From previously published studies [6-8].
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increase in albumin excretion to 21.5 mg/hr/g kid-
ney wt, which is further elevated to 52.6 mg!hr/g
kidney wt with a venous pressure of 20 cm H20. In
AN nephrosis and anti-GBM nephritis, total protein
excretion was found to range between 1.4 and 4.8
mg/hr [6, 8].
Albumin filtration. Figure 2 presents albumin
concentrations measured in the early proximal con-
voluted tubule of superficial nephrons in the isolat-
ed perfused rat kidney as a function of albumin con-
centration in the perfusate. When the albumin con-
centration is increased from approximately 30 to 50
g/liter, albumin in the ultrafiltrate increases from
0.054 to 0.11 glliter (open circles). This increase is
much more pronounced at elevated renal venous
pressures (20 cm H20), especially in the group with
higher concentrations of albumin in the perfusate
(square dots). To ensure a normal filtration rate
P p/liter even at a very high albumin concentration, we usedA
Verapamil®, a calcium ion antagonist [19]. This
procedure resulted in a lower albumin filtration, as
is shown in Fig. 2. With unchanged GFR (0.75
0,08, N = 9) in comparison to the other experimen-
tal series, proximal passage time was also un-
changed (9.9 0.5 sec, N = 18).
Figure 3 compares the above results with those
obtained for the in vivo control group. Some data
from studies in AN nephrosis and anti-GBM ne-
Fig. 3. Mean albumin concentrations in the glornerulus and adjacent parts of early proximal tubulus (EPT.) in the isolated perfused rat
kidney with different albu,nin perfusale concentrations (BSA = bovine serum albumin) compared to in vivo control conditions. AN
is aminonucleoside nephrosis. AGBM is anti-GBM nephritis (the latter data is from Refs. 6 and 8).
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Fig. 2. Albumin concentration in the glornerulus and adjacent
parts of early proximal tubules (F/PT,) with different albumin per-
fusate concentrations and with increased venous pressure (20 cm
HI).) or after applying verapamil in a dosage of 4.4 x 10-6
moles/liter in the perfusate.
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Table 2. Albumin sieving coefficientsa
(EPTaIb/Paib) X l0
Isolated kidneyb
3OgIliterBSA 2.14 0.82(18)
50g/literBSA 2.33 0.78 (13)
SOgIliterBSA + VP 5.37 1.61 (8)
in vivo
Controls
Anti-GBM nephritis
0.27 0.05(11)
2.32 0.39 (38)
AN nephrosis 1.39 0.22(6)
a Results are means SEM. Parentheses contain number of
experiments. EPT is early proximal tubule, and P is plasma or
perfusate.
BSA is bovine serum albumin, and VP is increased renal
venous pressure (20 cm H20).
phritis is given for comparison. In the control in
vivo situation, only a very low albumin concentra-
tion of 0.0072 g/liter is present. At the beginning of
AN nephrosis and in the very early stage of anti-
GBM nephritis (4 to 10 hours after antiserum appli-
cation), albumin leakage into Bowman's capsular
space increases significantly to 0.031 or 0.061
g/liter (see column two and three in Fig. 3).
Albumin filtration rates in the experimental mod-
els (AN nephrosis and anti-GBM nephritis) were
similar to those of the isolated perfused rat kidney
when the albumin concentrations in the perfusate
were approximately 30.0 g/liter. When, however,
the albumin concentration in the perfusate was ele-
vated to 50.0 g/liter, the albumin concentration in
the ultrafiltrate almost doubled. Increased venous
pressure at the same albumin perfusate exhibited the
highest albumin filtration of 0.27 g/liter (last column
of Fig. 3).
Sieving coefficient. Table 2 summarizes sieving
coefficients calculated from albumin concentrations
determined at early proximal tubular sites for the
different experimental groups. Significantly higher
albumin sieving coefficients of 2.14 x 10 or 2.33 x
10-s (upper part, Table 2) were obtained in the iso-
lated kidney preparation in comparison to the con-
trol in vivo value of 0.27 x 10 (lower part, Table
2). These values were similar to the AN nephrosis
or anti-GBM nephritis with mean sieving coeffi-
cients of 1.39 x 10 or 2.32 x 10, respectively.
Again a significant increase was observed in the
sieving coefficient (5.37 x l0) with an increased
postglomerular venous pressure of 20 cm H20.
Discussion
Normally the anionic serum protein albumin is fil-
tered only in minute amounts, and due to almost 90
to 95% reabsorption in the renal tubular system, on-
ly a small total amount is excreted [3, 8, 20]. In ex-
periments with differing albumin concentrations in
the perfusate in the isolated perfused kidney system
or with increased venous pressure, albumin filtra-
tion was found to be ten to thirty times higher than
normal. This increase in glomerular permeability
with albumin perfusion was similar to that observed
in experimental models (AN nephrosis or anti-GBM
nephritis), although somewhat less than with in-
creased venous pressure. As opposed to glomerular
proteinuria associated with significant morphologic
changes, no major morphologic changes could be
detected under any of these experimental condi-
tions [6]. Despite normal morphology, however, al-
bumin excretion was elevated, demonstrating a
more functional barrier as a determinant for plasma
protein filtration into Bowman's capsular space as
shown by others [4, 5]. This functional barrier must
be initially overcome to effect an increase in gb-
merular permeability.
Isolated kidney preparation and experimental
models. The isolated perfused rat kidney provides
the possibility to study filtration of single proteins at
the glomerulus in contrast to the in vivo control sit-
uation. The cell-free perfused kidney model exhib-
its a high perfusion rate and a low filtration fraction
[10, 14]. No filtration pressure equilibrium [21] is
reached, and therefore the whole filtering area of
the glomerular capillary tuft is exposed. Use of the
isolated kidney preparation also has the advantage
of allowing different protein concentrations to be
used in the perfusate while at the same time ex-
cluding extrarenal influences.
It is interesting to compare data from the isolated
kidney with early-stage AN nephrosis and the very
early heterologous phase of anti-GBM nephritis [6,
8] because at these stages of the diseases kidney
function in terms of total GFR or proximal passage
time appeared to be unchanged and similar to the
range of in vivo controls (Table 1).
In the isolated perfused kidney system with the
above experimental conditions, no changes in mor-
phology were detected despite albumin perfusate
concentrations as high as 60.0 g/liter (see Fig. 1).
Neither in the initial stages of the AN nephrosis (af-
ter 3 days of Puromycin application) nor in the very
early phase of anti-GBM nephritis could major
changes in morphology be detected [6, 7].
Albumin filtration. Serum proteins are restricted
in passage through the gbomerular capillary endo-
thelium and basement membrane in inverse propor-
tion to their molecular dimensions. Serum proteins
larger than albumin are usually completely ex-
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cluded from the glomerular filtrate. The so-called
low-molecular-weight proteins, however, are more
or less filtered, although normally only trace
amounts of these substances escape tubular uptake.
Urinary albumin excretion, which has been studied
here, plays an important role as a marker of gb-
merular permeability and reflects only to a lesser
degree the tubular reabsorption process.
Besides morphologic changes, which mainly af-
fect the molecular sieve function in chronic renal
diseases, protein excretion has been shown to de-
pend on the hernodynamic determinants of the fil-
tration process and electrophysical properties in
protein filtration [4, 22—24]. The rate of glomerular
filtration plays an important role in determining the
appearance of serum proteins in the glomerular fil-
trate. Applying Fick's diffusion equations, we find
the sieving coefficient increases with a decrease in
GFR [25]. Therefore, a decrease in GFR alone may
lead to an increased leakage of serum proteins into
Bowman's capsular space without any changes in
the glomerular permeability characteristics. This
has often been neglected in clinical studies using
clearance ratio measurements [26].
Although whole kidney glomerular filtration re-
mains unchanged, we have to consider that, for ex-
ample, in anti-GBM nephritis, important alterations
in glomerular dynamics are noted. As has been de-
scribed by Maddox et al [27], a marked fall to about
one half in the glomerular capillary ultrafiltration
coefficient (K1) was observed, although glomerular
filtration was held constant by increasing mean
transcapillary hydraulic pressure difference. K1 was
also found to vary, for example, with the albumin
concentration, by measuring stop flow pressure in
the isolated perfused rat kidney [29] and by in vivo
measurements of single nephron GFR [28]. By cal-
culating the effective filtration pressure, it could be
demonstrated that at high protein concentrations
lower pressure gradients are necessary to form the
same ultrafiltrate as at low protein concentrations
[29].
Besides convective and diffusive forces, the bar-
rier function of the glomerular capillary wall to
serum proteins may be attributed in part to its elec-
trophysical properties [22, 23, 29]. Intrinsic nega-
tive charges probably mainly due to the sialoglyco-
proteins present in the GBM and the endothelium
have to be taken into account. Negatively charged
proteins as albumin are repelled by this negatively
charged layer. It is highly probable, that in the
above experiments with the isolated kidney per-
fused with bovine serum albumin, the disbalance in
negative charges is followed by increased leakage
when compared to the in vivo situation, when the
glomerular basement membrane is exposed to the
entire spectrum of serum proteins. As has been
found by others, the sialoglycoproteins were nor-
mal in the rat kidney after perfusion [31]. The influ-
ence of fixed charges on gbomerular permeability
has been shown to apply to strongly cationized dex-
trans or ferritin molecules [22], which can result in a
decrease in anionic sites in both the gbomerular
basement membrane and on epithelial surface [7].
On the other hand, the large increase in the albumin
sieving coefficient with increased postglomerular
venous pressure shows that hemodynamic determi-
nants are probably just as important, if not more
important, than charge differences.
Sieving coefficient and urinary protein excretion.
It is well known that the sieving coefficient, which
describes the concentration in glomerular filtrate in
relation to the concentration in the plasma, should
not to be misinterpreted with the clearance ratio.
Unless nonreabsorbable molecules are used, tubu-
lar reabsorption has to be considered. In the above
experiments the sieving coefficient for albumin was
calculated from values at the early proximal tubular
site of cortical nephrons to determine albumin leak-
age into the gbomerular filtrate under the different
experimental conditions. Comparing these values
with urinary albumin excretion shows a greatly ele-
vated albumin excretion in the isolated perfused
kidney. This elevated excretion (see Table 1) can-
not be explained by albumin filtration at the glomer-
ulus site of the cortical nephrons alone and may
therefore be due mainly to an increased albumin
permeability of the juxtamedullary nephrons. Simi-
lar results have been obtained from studies of albu-
min excretion in the perfused rat kidney and in hy-
pertensive rats [31, 32]. In the latter, the albumin
excretion in the final urine could not be explained
by the values found in cortical nephrons. The above
findings in the isolated perfused kidney require fur-
ther investigation.
Summary
Gbomerular albumin filtration was investigated in
the isolated perfused rat kidney and compared with
in vivo experiments. Applying micropuncture tech-
niques, we obtained samples from the glomerulus or
adjacent early proximal convoluted tubules (EPT)
of cortical nephrons and analyzed them for albumin
using ultramicrodisc electrophoresis. By determin-
ing albumin in gbomerular filtrate, we could calcu-
late the sieving coefficient (EPTaIb/Paib) directly.
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The control in vivo value was 0.27 0.05 x 10 (N
= 11). In the isolated perfused rat kidney, the siev-
ing coefficient was 2.1 0.8 x l0, N = 18 (30 g/
liter albumin in perfusate) and 2.3 0.8 x 10-s, N
= 13 (50 g/liter albumin in perfusate), which is ap-
proximately eight times the control in vivo value.
With elevated renal venous pressure (20 cm H20), it
increased further to 5.4 1.6 x 10, N = 8. In all
experiments, GFR and proximal transit times were
similar to the in vivo controls. Although no major
morphologic changes could be detected in any in-
stance, the albumin filtration was greatly elevated.
These data confirm the role of a functional barrier in
the prevention of glomerular albumin filtration.
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